Summary: Delayed neuronal damage in the ischemic re gion of the rat brain following middle cerebral artery (MCA) occlusion in stroke-prone spontaneously hyper tensive rats was studied. The distribution of neuronal damage was determined by 45Ca autoradiography. Accu mulation of45Ca was observed in the corpus callosum and ipsilateral cerebral cortex immediately following MCA occlusion. After 3 days of occlusion, 45Ca had accumu lated in the ipsilateral pyramidal tract, the ventral poste rior nucleus of the thalamus, and the lateral portion of the striatum. Significant accumulation of 45Ca was observed in the same areas after 7 and 14 days of occlusion. Next the effect of MK-SOI on accumulation of 45Ca after MCA occlusion was examined using the same technique. MK SOl (0.5-10 mg/kg i.v.) or saline was administered 15 min Occlusion of the rat middle cerebral artery (MCA) is a widely used model of focal cerebral ischemia. In most models, ischemia results in dam age to the cortex and the lateral part of the striatum (Tamura et aI., 1981; Bederson et aI., 1986; Naga sawa and Kogure, 1989). It has been demonstrated that distal occlusion to the striate branches of the MCA resulted in a reproducible focal infarction in stroke-prone spontaneously hypertensive rats, but not in normotensive rats (Coyle, 1982; Coyle and Jokelainen, 1983) . The infarct produced by this pro cedure was limited to the ipsilateral cerebral cortex and did not extend to the basal ganglia. A rise in the intracellular calcium concentration has been postu lated to initiate or represent a "final common path- Received February 18, 1993; final revision received February 8, 1994; accepted February 8, 1994.
Occlusion of the rat middle cerebral artery (MCA) is a widely used model of focal cerebral ischemia. In most models, ischemia results in dam age to the cortex and the lateral part of the striatum (Tamura et aI., 1981; Bederson et aI., 1986; Naga sawa and Kogure, 1989) . It has been demonstrated that distal occlusion to the striate branches of the MCA resulted in a reproducible focal infarction in stroke-prone spontaneously hypertensive rats, but not in normotensive rats (Coyle, 1982; Coyle and Jokelainen, 1983) . The infarct produced by this pro cedure was limited to the ipsilateral cerebral cortex and did not extend to the basal ganglia. A rise in the intracellular calcium concentration has been postu lated to initiate or represent a "final common path-before MCA occlusion, and volumes of accumulation of 45Ca were calculated 1 week after ischemic insults. MK SOl significantly reduced 45Ca uptake in the cortex, stri atum, and thalamus. Furthermore, there was a strong sta tistical correlation between the volume of accumulation of 45Ca in the cortex and that in the thalamus (r = 0.S974; p < 0.001; n = 25). We speculate that delayed neuronal damage in the corpus callosum, ipsilateral pyramidal tract, and thalamus may be caused by secondary neuronal degeneration. However, neuronal damage in the striatum, a segment not supplied by the MCA, may be related to excessive release of glutamate. Key Words: Calcium ac cumulation-Autoradiography-Middle cerebral artery occlusion-MK-S01.
way" for cell death (Shanne et aI., 1979) . Calcium ions are concentrated within brain regions undergo ing ischemic neuronal necrosis (Dienel, 1984) , and based on 45 Ca autoradiograms, Benveniste et aI. (1989) speculated that calcium accumulation may represent detrimental calcium-mediated processes that are activated prior to the occurrence of irre versible cell damage or may result from membrane rupture following cell death. We investigated the time course and distribution of calcium accumula tion after occlusion of the MCA distal to the striate branches, using 45 Ca autoradiography. Further more, we examined the effect of MK-801, an N-methyl-D-aspartate (NMDA) antagonist, .on de layed neuronal damage.
MATERIALS AND METHODS

Experimental model
Male stroke-prone spontaneously hypertensive rats, 11-14 weeks of age and weighing 250-300 g, were used for all experiments. Anesthesia was induced by inhalation of 4% halothane. Following intubation, the animals were ventilated artificially with a mixture of 70% N2, 30% O2, and 1.5% halothane. Body temperature was kept at 37°C using a heating lamp attached to a rectal thermometer during surgical preparation. Under an operating micro scope, the right MCA was exposed through a 2-3-mm burr-hole craniectomy. The MCA was occluded with mi crobipolar coagulation and divided. The occlusion was distal to the striate branches of the MCA and 0.7-1 mm dorsal to the rhinal fissure. A heating lamp was used for 20' min during recovery from anesthesia. After recovery, the animals were returned to their cages at the ambient temperature (22-25°C) until decapitation.
Time course and distribution of 4S Ca accumulation
Following 4 and 24 h and 3, 7, and 14 days of MCA occlusion, animals (n = 3, each group) were injected i.v. with 45CaCl2 (3.7 MBq/lOO g body weight; New England Nuclear). Rats were decapitated 5 h after injection. Brains were removed quickly and frozen in powdered dry ice. Serial coronal sections of 20-fLm thickness were cut from frozen brains in a cryostat at -20°C and were mounted and dried at 60°C on glass coverslips. Autora diographs were obtained by exposing the sections to Kodak SB-5 film for 2 weeks in a x-ray cassette. Three days after craniectomy, control animals were studied in identical fashion (sham-operation group, n = 3).
Effect of MK-801 on 4S Ca accumulation
A femoral artery was cannulated for blood pressure recording by an electro manometer during ischemic in sults. MK-80I (0.5, 1, 5, and 10 mg/kg, n = 5 for each group) was injected as an i.v. bolus 15 min before MCA occlusion. Body temperature was kept at 37"C using a heating lamp attached to a rectal thermometer until the animals were recovered from anesthesia 20 min after MCA occlusion and allowed to move freely within their cages. Seven days later, they were injected i. v. with 45CaC12, and autoradiographs were obtained using the procedure already described. Five animals in the control group were injected with normal saline, and autoradio graphs were obtained 7 days after MCA occlusion.
Determination of volumes of 4S Ca accumulation
An image-analysis system (SPICCA-I1, Nippon Avion ics, Tokyo, Japan) was used to determine areas of 45Ca accumulation in the cortex, striatum, and thalamus on each section of autoradiographs. The accumulated areas were standardized in proportion to standard areas. Stan dard areas of hemisphere on each section were calculated by averaging the areas of 15 stroke-prone spontaneously hypertensive rats. The volumes of 45Ca accumulation were calculated by multiplying each sum by the distance between sections. Thus, for each structure,
where V is volume of 45Ca accumulation lying between the first (1) and last (n) sections; Ai is the standard area of hemisphere on section i; Pi is the percentage of 45Ca_ accumulated area on section i; and d is the distance be tween sections (200 fLm). Autoradiograms of rat brains following MCA oc clusion were studied in coronal sections (Fig. 1) . No abnormal 45 Ca accumulation was seen in the control brains. After 4 and 24 h of MCA occlusion, 45 Ca accumulation was detected in the cortex supplied by the occluded MCA and slightly in the corpus callosum. After 3 days of MCA occlusion, mild-to moderate 45 Ca accumulation was first detected in the ipsilateral pyramidal tract, ventral posterior nu cleus of the thalamus, and lateral portion of the stri atum. After 7 and 14 days of MCA occlusion, sig nificant accumulation of 45 Ca was detected in the same regions, limited to the ischemic side. The pro gressive uptake into the corpus callosum was de tected during the 1-7-day interval. Regional distri bution of calcium 7 days after MCA occlusion is shown schematically in Fig. 2 .
Statistical analysis
Effect of MK-801 on blood pressure
As shown in Table I , the highest dose (10 mg/kg) of MK -80 I caused a significant alteration in mean arterial pressure. The MK-801-induced hypoten sion was relatively persistent even 30 min after drug administration. Mean arterial pressure after MCA occlusion remained =20% below preinjection lev els. The injection of saline or a lower dose of MK-801 had no significant effect on blood pressure.
Effect of MK-801 on volume of 4S Ca accumulation
To determine whether the neuroprotective ac tions of MK-801 were dose-dependent, MK-801 was given in different doses (0.5, I, 5, and 10 mg/kg) to four groups of rats. Significant decreases of 45 Ca accumulation in the cortex, striatum, and thalamus were observed in MK-801-injected animals. The amount of neuroprotection afforded by MK-801 was dose-related except at the highest dose (10 mg/ kg; Fig. 3 ). MK-801 at 5 mg/kg significantly (p < 0.01) reduced the volumes of 45 Ca accumulation by 44% in the cortex, 43% in the striatum, and 45% in the thalamus. 
FIG. 2. Schematic diagram of
accumulation of 45Ca 7 days fol lowing MCA occlusion. 45Ca ac cumulated in the cerebral cor tex supplied by occluded MCA; in the corpus callosum, the ip silateral pyramidal tract, and ventral posterior nucleus of the thalamus; and in the lateral por tion of the striatum not supplied by the occluded MCA; CC, cor pus callosum; Th, thalamus; IC, internal capsule; PC, cerebral peduncle. 155.4 ± 8.9
155.4 ± 8.9
was greater than that seen in the striatum and cor tex (Z = 1.9834; p < 0.05).
DISCUSSION
Nagasawa and Kogure (1990) studied the distri bution of tissue damage after transient focal isch emia in normotensive rats. They found that 45 Ca accumulated not only in the lateral segment of the caudate putamen and the cerebral cortex, which were affected directly by the ischemic insult, but also in the ipsilateral ventral posterior nucleus of the thalamus and the pars reticularis of the substan- tia nigra, which are outside the ischemic region. In an embolic model of cerebral ischemia, infarction occurred in the ipsilateral cerebral cortex and the basal ganglia (Nagasawa and Kogure, 1989) . In this study, we used a focal ischemic model in which infarction was limited to the cerebral cortex. Using 45 Ca autoradiography, we found that 45 Ca accumu lated in the cerebral cortex supplied by the oc cluded MCA, in the corpus callosum, ipsilateral py ramidal tract, and ventral posterior nucleus of the thalamus, and also in the lateral portion of the stri atum, which is not supplied by the occluded MCA. We speculate that 45 Ca accumulated in the irrevers ibly damaged neuronal body and degenerating ax ons, as found by Benveniste et al. (1989) . In the thalamus, 45 Ca accumulation was limited to the ventral posterior nucleus, which has fiber con nections in anatomic proximity to the postcentral gyrus of the cerebral cortex. Damage in this area may be due to retrograde degeneration resulting from thalamocortical fiber damage caused by the ischemic insult to the postcentral gyrus (Matthews, 1973; Fujie et al., 1990; Nagasawa and Kogure, 1990; Iizuka et al., 1990) . In this study, we fo und a direct-proportion relationship between damaged tween the two correlation coefficients shows 15 that the probability of the distribution of the plotted values for calcium accumulation in the thalamus and cortex is greater than that seen in ... E the striatum and cortex (Z = 1.9834; P < 0.05). This correlation may result from retrograde degen eration of the thalamus. Furthermore, damage in the pyramidal tract and corpus callosum may be due to anterograde degeneration resulting from isch emic injury in the cerebral cortex. However, the relationship between damaged volumes in the cor tex and the striatum did not show as direct a corre lation as seen between the volumes in the cortex and thalamus. Anterograde degeneration of corti costriate fibers cannot account for all of the striatal accumulation of 45 Ca. The compound (+ )-5-methyl-1O,II-dihydro-5H dibenzo(a,d) cyclohepten-5, 10-imine maleate (MK-801) is a noncompetitive NMDA receptor antago nist acting at the associated phencyclidine site (Johnson and Koerner, 1988) . In MK-801-injected animals, we found the volumes of neuronal damage in the striatum to be significantly decreased, as well as in the cortex and thalamus, which suggests that glutamate plays a role in the neuronal damage in the striatum. The middle dose (5 mg/kg) of MK-801 was most effective as a neuroprotective agent. The re duction in the amount of protection afforded by the highest dose (10 mg/kg) may have been due to the hypotensive effect of this dose, as indicated previ ously (Gill et aI., 1991) . In stroke-prone spontane ously hypertensive rats, reduction of mean arterial pressure to 140 mm Hg produced a significant de crease in CBF (Sadoshima and Heistad, 1983) ; it CORTEX (mm3)
can therefore be assumed that the effect of MK-801 at the highest dose may have been reduced due to the resultant hypotension. McGeorge and Faull (1989) , while studying the organization of the corti co striate projection in the rat brain, demonstrated that the sensory and motor areas project topograph ically onto the dorsolateral striatum. These corti costriatal neurons use the excitatory amino acids glutamate and/or aspartate as neurotransmitters (Hassler et aI., 1982; Perschak and Cuenod, 1990) . Massive release of these neurotransmitters may oc cur at the axon terminals of the striatum (Perschak and Cuenod, 1990) , inducing neuronal damage (Rothman and Olney, 1986; Choi et aI., 1987) . How ever, Buchan and Pulsinelli (1990) have demon strated that the neuroprotective activity of MK-801 against transient global ischemia appears to be largely a consequence of postischemic hypothermia rather than of direct action on NMDA receptor channels. Busto et ai. (1987) showed that measure ment of body temperature does not accurately re flect brain temperature during ischemic in�ult pro duced by four-vessel occlusion in rats. Although rectal temperature was maintained at 37°C after MCA occlusion, postischemic brain temperature was not measured in this study, and body temper atures were not controlled during the course of isch emic damage in the present study; therefore, the neuroprotective effect of MK-801 observed may have been related to postischemic hypothermia. On the other hand, the lateral portion of the striatum is adjacent to the ischemic regions, and brain edema induced by ischemia may contribute to the changes observed in this segment (N ordborg et al., 1991) . Despite our current level of understanding, the mechanism of injury to the striatum following MCA occlusion is still unclear. Further detailed studies will be required to clarify the role of neurotransmit te r s in the striatum.
